(Submitted for publication July 13, 1961; accepted August 31, 1961) Oxygen breathing has been used extensively to treat a wide variety of clinical disorders. An understanding of its effects on the normal circulation, at rest and under conditions of increased cardiac output, is fundamental to the understanding of the efficacy of oxygen therapy in clinical situations. Furthermore, interpretation of physiologic data concerning the effects of hyperoxia on the regional circulations requires definition of any changes in cardiac output or over-all peripheral circulation that occur during oxygen breathing.
This investigation was undertaken for two purposes: 1) to evaluate the effects of oxygen breathing on the heart rate, systemic blood pressure, and cardiac index of normal men, resting, after atropine, and subjected to the circulatory stress of reactive hyperemia; and 2) to study the higher ranges of oxygen-sensitive chemoreceptor activity in man.
METHODS
Fifteen normal male subjects, ages 21 to 32, were used in this study. Each rested supine 30 to 45 minutes prior to the beginning of measurements. Heart rates were recorded electrocardiographically. Electronically The needle through cuvet dead space of the system was 0.33 ml. Blood for calibration of the densitometer was obtained prior to the first dye injection and, at the conclusion of each experiment, serial dye dilutions were made using this blood. With the identical tubing and flow rate, these known blood-dye mixtures, with concentrations of 0, 0.19, 0.38, and 0.76 mg per 100 ml, were pumped through the densitometer. Calibration slopes obtained in this way were linear and were used in the calculation of the cardiac ouput. Preliminary observations with this densitometer, with concentrations from 0 to 2.5 mg per 100 ml, showed satisfactory linearity at concentrations below 1.0 mg per 100 ml. In only two of the experiments were concentrations above 0.76 mg per 100 ml observed. In further preliminary observations it was shown that calibration slopes in venous and arterial blood were the same. The change in cardiac output when subjects breathed oxygen was also observed when output was measured with an intermittent sampling technique, with spectrophotometric analysis of the serum concentrations of dye. Cardiac output was calculated by the Hamilton semilog replotting method (1). Duplicate determinations of cardiac output under similar conditions but often separated by as much as 60 minutes were reproducible with a mean difference of 5.0 per cent. In atropinized subj ects, whose heart rates were less subject to variation, the mean difference was 3.3 per cent.
Systemic resistance was calculated as the ratio of mean brachial arterial pressure to cardiac output, zero right atrial pressure assumed.
Artery-to-artery circulation time was recorded directly from the dye curves as peak-to-peak time. This circulation time is not a measure of any single or simple hemodynamic factor but is a useful and easily measured index of change of circulatory behavior. Mean circulation time and central blood volume were calculated as described by Hamilton, Moore, Kinsman and Spurling (2) .
Using a low-resistance flutter valve, mouthpiece, and nose clip, all subj ects breathed air and oxygen from Douglas bags. One of two sequences was used: either air, oxygen, air, oxygen; or oxygen, air, oxygen, air. The two air and two oxygen values were averaged. Six subjects, after preliminary measurements, had After determination of resting values, 7 subjects were pneumatic thigh tourniquets inflated to 250 mm Hg given 2.0 mg of atropine sulfate intramuscularly, and abruptly. These tourniquets were left in place 20 minobservations were repeated 1 hour later when typical utes and then deflated suddenly. During the last 10 atropine flush, dryness, and tachycardia had appeared. minutes of occlusion and 5 minutes after release, the sub- (43 + 7 to 43 ± 7 ml per M2). After administration of atropine the effects of oxygen breathing on heart rate and cardiac index were eliminated (Table I) . Mean blood pressure (Table II) (Table III) .
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Observations of the changes after release of arterial thigh tourniquets confirm the data of Stead and Warren: there is a very rapid increase in cardiac output, heart rate, stroke volume, and decrease in circulation time after the release of the tourniquets (4). As shown in Table IV Figure 1 and Table V show the effects of hyperoxic breathing on the heart rates of normal resting men. Over the range of 15 to 100 per cent oxygen inspired, a progressively decreasing heart rate occurred. Statistically, this is a linear relationship (p = 0.025).
A slight increase in arterial pH was observed when the subjects breathed 100 per cent oxygen (7.39 + 0.02 to 7.43 + 0.04, p = 0.01). This change is probably related to the slight hyperventilation that occurs when normal subjects breathe 100 per cent oxygen (5) . No large change in Pco2 was observed, and the mean arterial oxygen saturation during air breathing was 95 per cent (Table VI) . (6) . This was subsequently confirmed by numerous other workers (7) (8) (9) (10) . Alella and Meda, in 1948, reported that this effect on heart rate was not present in atropinized subjects (11) . They found that it did not appear until the alveolar Po2 exceeded 300 mm Hg, obtained by breathing an oxygen concentration of approximately 50 per cent (12) . Benedict and Higgins, in 1911, observed that breathing oxygen concentrations above 40 per cent decreased the resting heart rate of normal men (13) . Asmussen and Neilsen were able to detect a decrease in heart rate when normal, strenuously exercising men breathed oxygen (14) . Cullen, Weir and Cook found decrease in heart rate when oxygen breathing was added to artificial-fever therapy (15) . In animal experiments, Whitehorn and Bean showed an early chronotropic effect of hyperoxia in decerebrate dogs only if the vagi were intact (16) . The same workers reported a decrease in frequency of contraction of the isolated frog heart exposed to high oxygen concentrations, but only after 3 to 6 hours (17) . The (19) . At least three independent groups reported decreases in cardiac output in normal subjects breathing oxygen as estimated by ballistocardiograph-decreases averaging 8 to 10 per cent and largely due to decreased heart rate (5, 8, 20 (21) .
Nevertheless, it is commonly assumed that hyperoxia-that is, oxygen tensions above those obtained when one breathes air-has little effect on chemoreceptors (22) . This concept is supported by direct observations of action potentials in the carotid body nerves of the cat by von Euler, Liljestrand and Zotterman, who found no evidence of chemoreceptor activity when arterial oxygen saturations were above 97 per cent (23) . Witzleb, Bartels, Budde and Mochizuki, using a somewhat similar technique, found no evidence of oxygensensitive chemoreceptor activity at arterial Po2's above 110mm Hg (24) .
The results of the present study demonstrate that breathing concentrations of oxygen above 21 per cent produces a vagus-dependent decrease in heart rate and a rate-dependent decrease in cardiac index. The possibility of a lesser direct myocardial effect of hyperoxia is not excluded. Furthermore, 100 per cent oxygen breathing produces an increase in mean arterial blood pressure and systemic resistance which is, at least in part, related to the decrease in cardiac output, although direct or reflex vascular effect of hyperoxia is not excluded, since the blood pressure of the atropinized subjects rose substantially during oxygen breathing. The observed changes in circulation times probably reflect the composite effect of decreased cardiac output and increased systemic resistance.
That these effects are not due to the relief of unrecognized hypoxia is shown by: 1 ) arterial oxygen saturations during air-breathing were normal; 2) the oxygen effect was not confined to the range of concentrations closest to air but was progressive over the 21 to 100 per cent range. These data provide evidence that oxygen, or the lack of it, is an effective chemoreceptor stimulus in man-far above the Po., range inferred from the work of von Euler and co-workers and of Witzleb and associates in cats. This discrepancy may be the result of experimental differences, or species differences, but it also suggests that some chemosensitive area other than the carotid body may be involved.
The circulatory responses to tourniquet hyperemia have been investigated previously by Stead and Warren (4) . Using the ballistocardiographic techniques they found a sudden increase in cardiac output after release of arterial tourniquets and likened this effect to a sudden opening of an A-V fistula. The present study demonstrated a decreased change in heart rate and cardiac output in subjects breathing oxygen during the phase of reactive hyperemia. Since the circulation to the legs is occluded during the period of oxygen breathing, this effect of oxygen must either be the result of a very rapid metabolic change after tourniquet release, or is a neurogenic effect. The fact that changes associated with oxygen breathing appeared after only 15 seconds of exposure of the legs to hyperoxic tensions argues against any other than reflex effect of hyperoxia.
Inflation of thigh tourniquets to a pressure sufficient to occlude the arterial circulation produced a slight increase in heart rate and cardiac index, possibly related to the associated discomfort and anxiety. When the subjects breathed oxygen these changes were not observed. It may be that oxygen breathing decreases the circulatory response to such a stimulus.
The effects of oxygen breathing on the normal circulation are of intrinsic physiologic interest and are of importance in considering the responses of the regional circulations to hyperoxia. These observations suggest that the efficacy of oxygen breathing in clinical situations, such as myocardial infarction or heart failure without arterial undersaturation, may depend upon a decrease in cardiac output and an associated decrease in external cardiac work. SUMMARY 1. Oxygen breathing in normal subjects causes a small decrease in heart rate abolished by atropine (probably vagal) and a comparable rate-dependent decrease in cardiac output.
2. Oxygen breathing increases systemic resistance and blood pressure.
3. The oxygen effect on cardiac output, heart rate, and circulation time persists in the circulatory response to reactive hyperemia. 4 . The effect of hyperoxia on heart rate of normal subjects is progressive with increasing concentrations of inspired oxygen from 15 to 100 per cent. 5 . A far higher range of chemoreceptor activity is suggested than has previously been generally recognized.
